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Failure Analysis of Laminated Glass Panels Subjected to Blast Loads 
H. D. Hidallana-Gamage*, D.P. Thambiratnam*, N. J. Perera* 
*Science & Engineering Faculty, Queensland University of Technology, Brisbane, Australia. 
Abstract 
This paper presents a rigorous and a reliable analytical procedure using finite element (FE) 
techniques to study the blast response of laminated glass (LG) panel and predict the failure of 
its components. The 1st principal stress (σ11) is used as the failure criterion for glass and the 
von mises stress (σv) is used for the interlayer and sealant joints. The results from the FE 
analysis for mid-span deflection, energy absorption and the stresses at critical locations of 
glass, interlayer and structural sealant are presented in the paper. These results compared well 
with those obtained from a free field blast test reported in the literature. The tensile strength 
(T) of the glass has a significant influence on the behaviour of the LG panel and should be 
treated carefully in the analysis. The glass panes absorb about 80% of the blast energy for the 
treated blast load and this should be minimised in the design. 
Keywords: Failure analysis; Laminated glass; Blast loads; Finite element modelling; Energy 
absorption 
1.0 Introduction 
Building facade forms the skin of a building and is the most vulnerable component in the 
building to blast loads. Glazed facades are often used in buildings for their architectural 
features and aesthetical aspects. Most of the buildings use 4-10m high glazed facades in the 
ground floor lobby areas without any structural framework. These lower levels are the most 
vulnerable to near field blast events in which 80-90% of blast related injuries have been due 
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to flying glazed fragments and facade pieces. If building facades disintegrate, direct blast 
pressure entering the building can cause injuries to occupants and damage to the building. 
Laminated glass (LG) panels, with a higher resistance to blast loads, are therefore used in 
buildings to minimise, if not eliminate the hazard from potential terrorist attacks. 
LG consists of two or more glass panes permanently bonded with one or more polymer 
interlayers. Glass types such as annealed, heat strengthened and tempered are usually used in 
LG panels and polyvinyl butyral (PVB) is used as the interlayer material. Structural sealant 
joints are used to mount LG panels to the window frames. LG has two major advantages over 
normal glass encouraging its use in building facades designed to be blast resistant. One such 
advantage is that it avoids hazards due to flying glass fragments as the interlayer holds them 
after the glass brakes. Secondly, after the glass cracks the interlayer stretches and absorbs 
blast energy until it tears off. The fractured glass elements have some strength to provide 
stiffness when they are subjected to compression. The available strain energy at the post-
crack phase of a LG panel is significantly higher than that at the pre-crack phase providing 
superior blast resistance compared to normal glass panels. 
The standards such as American Society for Testing and Materials (ASTM) F 2248-09 [1] 
and Unified Facilities Criteria (UFC) 3-340-02 [2] are used for designing glazed facades to 
blast loads. However, both standards provide conservative design approaches based on 
simplified single degree of freedom analysis. The ASTM F 2248-09 standard does not 
account for the effects of interlayer in a LG while the UFC 3-340-02 standard is limited to 
design of monolithic thermally tempered glass. The UK Glazing Hazard Guide [3] provides a 
realistic approach for designing glazed facades to blast loads compared to the above 
standards. However, it is a highly confidential document which was established for only few 
window sizes available in the UK. An analytical procedure is therefore required for the 
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vulnerability assessment and design of glazed facades with LG panels subjected to blast 
loads.  
Numerical analysis with FE codes is a feasible method that has been widely used to 
investigate the behaviour of LG panels under blast loads. However, most of the existing 
research does not account for the fracture strength of glass as the glass elements or 
integration points are deleted when they exceed a predefined failure stress or a strain. In 
addition, there is limited research that modelled the silicone sealant joints in FE models. This 
paper presents a realistic approach in modelling LG panels using  the LS-DYNA FE code and 
addressing the above limitations. Glass, interlayer and sealant joints are modelled with three 
dimensional (3D) solid elements, considering the supporting frame as a rigid base for 
simplicity. The material model used for glass accounts for the fracture strength of glass 
depending on its damage level. The results from FE analysis for stresses are used to predict 
the failure of different components in the LG panels. This paper therefore provides useful 
information to engineers for studying the blast response of LG panels and for their better 
design under a credible blast event. 
2.0 Blast response of LG panels 
Different techniques such as window films, window catching systems, LG panels and 
ballistic windows are commonly used in building facades designed to be blast resistant. 
However, the present study focuses on LG panels because they are energy absorptive and 
transfer less force to frame members and optimise the design of the entire facade system. 
Blast formulation, wave propagation and blast wave characteristics are described in the paper. 
The progressive failure of LG is then described in different phases. 
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2.1 Blast phenomenon 
Blast or an explosion is a sudden release and transformation of potential energy into kinetic 
energy generating hot gases under a pressure up to 30MPa and a temperature of about 3000-
4000C° [4]. High pressure gas travels at a high velocity (7000ms-1) away from the explosion 
source by creating shock waves [2]. Initially, the pressure of the shock front increases to a 
maximum overpressure and then decays as the shock wave expands away from the explosion 
source. After a short time, pressure behind the shock front drops below the ambient pressure 
by creating a partial vacuum. It creates high suction winds capable of carrying debris for long 
distances away from the explosion source.  
Fig. 1 [5] illustrates a typical blast wave pressure-time profile at a point away from the 
explosive source. The air pressure at a particular point increases suddenly to a peak value, 
then decreases gradually and goes through a negative phase. This blast overpressure time 
profile can be mathematically represented by the Friedlander equation, as given by Eq. 1, 
where p(t) is the instantaneous overpressure at time t, pa is the atmosphere pressure, pm is the 
peak pressure when t=0, p0 = (pm - pa) is the peak overpressure at t=0, td is the positive 
pressure duration and α is the decay factor. 
 
2.2 Failure of LG panels 
Usually, LG panels are designed to fail by tearing of the interlayer rather than pulling out of 
the glass plates from the rebates. If the glass pulls out from the rebate or the frame members 
fail, the entire unit will be flung into the building causing a significant hazard. Fig. 2 
illustrates the membrane action of an edge bonded LG under blast loading [6]. The structural 
 p(t) =  p0(1 - t/ td)e- αt/ td (1)
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sealant joints transfer the shear stress between glass panes and the framing members, 
allowing the LG to develop its full membrane capacity. Fig. 3 shows the force vs. deflection 
variation of a typical LG panel under blast loading illustrating its failure in five different 
phases as explained below [7]. 
1. Elastic behaviour of the glass plies 
2. The first glass ply broken; the other glass ply is still intact, and the interlayer is not 
damaged 
3. The second glass ply fails and the interlayer reacts elastically 
4. The interlayer reacts plastically, but the splinters are glued onto the interlayer 
5. The interlayer fails by reaching failure strain or by cutting from the splinters 
The phase 1 represents the pre-crack phase where the glass plies deform elastically without 
any fracture. Phases 2-5 represent the post-crack phase where the LG panel further deforms 
even after the glass cracks.  It is evident from Fig. 3 that the post-crack load carrying capacity 
of a LG is much higher than that at the pre-crack phase. LG provides a superior blast 
resistance compared to normal glass and hence the blast response of LG is studied in the 
paper. 
3.0 FE modelling of LG panels 
LG panels are thin structures whose thickness is small compared to the in-plane dimensions. 
They can be modelled with 2D shell elements or 3D solid elements. Non-linear dynamic 
analyses have been conducted using FE codes having explicit capabilities such as LS-DYNA, 
ABAQUS, ANSYS and EUROPLEXUX to investigate their behaviour under blast loads. 
However, most of the existing research had not captured the fracture strength of glass and the 
effects of structural sealant joints in their analysis. On the other hand, most research also do 
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not present detailed information on their FE modelling including material models, element 
formulations, material properties and the adopted failure criterions for different materials.  
This paper therefore presents a rigorous and a reliable analytical procedure with LS-DYNA 
FE code [8] to study the blast response of LG panels addressing the above limitations. LG 
panels are modelled with 3D constant stress solid elements using material model 110 
(MAT_HOLMQUIST_CERAMICS) for glass and material model 24 
(MAT_PIECEWISE_LINEAR_PLASTICITY) for both PVB and structural sealant joints. In 
the FE model, the contact between the glass and PVB is treated as fully bonded. Therefore, 
there cannot be any delamination between glass panes and PVB interlayer. Similarly, the 
contact between the glass and sealant joints is also treated as fully bonded in the FE model. 
The background information of these material models and the failure criterions adapted for 
different materials are explained in the paper. 
3.1 Material model for glass 
The material model 110 (MAT_HOLMQUIST_CERAMICS) available in the LS-DYNA FE 
code has been widely used to simulate ceramic composite armour subjected to ballistic 
impacts [9-11]. It has been used to model glass when investigating the behaviour of LG 
panels under impact loads [12] and blast loads [13-15]. In the present study, material model 
110 was implemented based on the Johnson-Holmquist (JH-2) material model which has 
been widely used to model brittle materials such as ceramic, glass, concrete and rock 
subjected to high pressures, large strains and high strain rates. 
The JH-2 material model was implemented using a set of mathematical equations and is 
explained in detail in the literature [16-18]. Johnson and Holmquist [17] investigated the JH-2 
material constants of glass for high strain rates by conducting uniaxial compression tests, 
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uniaxial tension tests, flyer plate tests and ballistic tests. The mathematical equations 
involved with the JH-2 material model are briefly explained in this paper. The normalized 
equivalent stress (σ*) of the material depends on the normalized intact equivalent stress (σ*i), 
normalized fracture stress (σ*f) and material damage (D) as given by Eq. 2, where all the 
stresses are normalized by dividing them by σHEL, which is the stress at Hugoniot Elastic 
Limit (HEL).  
The normalized intact strength and normalized fracture strength are determined by Eq. 3 and 
Eq. 4 respectively where A, B, C, M and N are the material constants. The normalized 
pressure is P*=P/PHEL, where P is the actual pressure and PHEL is the pressure at HEL. The 
normalized maximum tensile hydrostatic pressure is T* = T/PHEL, where T is maximum 
tensile hydrostatic pressure or the tensile strength of the material. The normalized strain rate 
is έ* = έ/έ
 0, where έ is the actual strain rate and έ0 is the reference strain rate (έ0 = 1.0s-1). 
The damage level (D) depends on the plastic strain during the cycle of integration (Δε
 p) and 
the plastic strain to fracture (ε
 p
f) under a constant pressure, P and is given by Eq. 5. The ε
 p
f
 is 
accumulated using Eq. 6, where D1 and D2 are material constants. 
Eq. 7 gives the hydrostatic compression pressure variation of the material while Eq. 8 gives 
the variation of tensile pressure, where K1, K2 and K3 are material constants (K1 is the bulk 
modulus). Both are functions of µ, which varies depending on material deformation as given 
 σ* = σ*i - D (σ*i - σ*f) (2)
 σ*i = A(P* + T*)N (1 + C ln έ *) (3)
 σ*f = B(P*)M (1 + C ln έ  *) (4)
 D = ΣΔ ε
 p / ε pf (5)
 ε
 p
f
 = D1 (P* + T*) D2 (6)
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by Eq. 9, where ρ is the current density and ρ0 is the initial density of the material. The ΔP is 
the bulking pressure which appears only if the material is damaged (0 < D ≤ 1) while it is 
zero for undamaged materials (D=0).  
When the deviator stress exceeds a critical value under compressive loading, damage begins 
to accumulate within the material by adding the bulking pressure, ΔP which is calculated 
using Eq. 10.  An increment in material damage causes decrease in the incremental internal 
elastic energy, which is converted into potential internal energy. The amount of internal 
elastic energy converted into internal potential energy depends on the parameter β, and is 
usually set to 1. The internal elastic energy loss (ΔU) is calculated using Eq. 11, where σ is 
the effective stress and G is the shear modulus of the material. 
3.2 Material model for PVB 
The polymers such as PVB are usually used as the interlayer material in LG panels. PVB 
shows an elasto-plastic behaviour under high strain rates that occur under blast loads. The 
material model 24 (MAT_PIECEWISE_LINEAR_PLASTICITY) available in the LS-DYNA 
FE code is used to model the PVB interlayer. Wu et al. [12] used material model 24 to 
analyse LG panels under impact loads, and the authors have confirmed its validity to analyse 
their behaviour under blast loads [14, 15].  
 
P = K1µ + K2µ2 + K3µ3 + ΔP (7)
 
P = K1µ (8)
 
µ = ρ/ ρ0 – 1 (9)
 
ΔPn+1 = -K1µ + ((K1µ + ΔP) 2 + 2βK1ΔU) 0.5 (10)
 
ΔU = U(D) – U(Dn+1), U(D) = σ/6G (11)
  
9 
 
Density, Poisson’s ratio and the Young’s modulus of the material should be defined in the 
material model. The material model 24 has similar stress-strain behaviour both in tension and 
compression. The stress vs. strain curve of the material could be given by defining the 
important points in the curve such as yield stress, failure stress and the failure strain. 
Additionally, stress vs. strain curves could be defined for different strain rates if the required 
data can be obtained from the experiments. 
 
 
3.3 Material model for structural sealant 
Rubber and silicone sealant are commonly used for structural sealant joints in LG panels. The 
behaviour of those materials can be treated as elasto-plastic under blast loads and hence the 
material model 24 (MAT_PIECEWISE_LINEAR_PLASTICITY) is used for the structural 
sealant joints in the FE models [14, 15]. Similar to the PVB, stress vs. strain curve of the 
sealant materials is given for the FE model by defining the Young's modulus, yield stress, 
failure stress and failure strain.  
3.4 Failure analysis of different materials 
One of the most important concepts in material science is the fracture or the failure of 
materials.  Engineering materials can be divided in to two types as brittle and ductile 
depending on their failure modes. Brittle materials show little or no plastic deformation 
before the failure while ductile materials show large amount of plastic deformation. The 
failure theories adapted in practice depend on the ductility of the material and those used to 
analyse the failure of glass, interlayer and structural sealant materials are described in the 
paper.  
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3.4.1 Failure of glass 
 For brittle materials such as glass the principal stresses are usually used as the failure 
criterion. There are three principal stress components in orthogonal directions: 1st principal 
stress (σ11), 2nd principal stress (σ22) and the 3rd principal stress (σ33). The σ11 is the largest 
stress component and is usually the tensile stress while the σ33 is the smallest stress 
component where σ11 > σ22 > σ33. The principal stress in a particular direction is the 
summation of the hydrostatic stress (σHyd) and the deviatoric stress (σ') component in the 
same direction. The σHyd accounts the volumetric strain and is simply the average of three 
principal stress components as given by Eq. 12. The σ' accounts the shape change and is 
obtained by subtracting the hydrostatic stress from the principal stress as given by Eq. 13 
where i = 1, 2 or 3. 
The JH-2 material model used for glass allows defining the tensile strength or the maximum 
hydrostatic tensile pressure of glass (T). However, it could be noted that the principal stresses 
of a glass element can go beyond T, which is the hydrostatic stress component. Johnson and 
Holmquist [17] mentioned that the T of glass for the JH-2 model should be determined using 
quasi-static tension tests applying radial loading, similar to that used to determine the tensile 
strength of concrete. In their previous research, the authors have identified that the behaviour 
of LG panels highly depends on the T of glass and obtained good agreement with the 
experimental results when T=60-65Mpa [14]. However, T of glass is varied during the 
analysis to calibrate the FE model. 
 
σHyd = (σ11 + σ22 + σ33)/3 (12)
 
σii' = σii - σHyd (13)
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Cormie et al. [19] mentioned that the dynamic breaking strength of annealed glass (Tb) can be 
in the region of 80MPa by extrapolating their ring-on-ring test data for higher strain rates. 
However, glass is not a homogeneous material so that its Tb can vary considerably from one 
point to the other. The presence of surface flaws and micro cracks [20] leads to the further 
reduction of the Tb which also reduces when the glass becomes older. Glass is considered to 
have failed in the present study if σ11 > Tb where the Tb can be in the range of 60-80MPa for 
annealed glass. 
3.4.2 Failure of interlayer and sealant joints 
The interlayer materials such as PVB and the materials used for structural sealants such as 
rubber and silicone show a ductile behaviour under blast loads. The distortion energy theory 
which is based on the von mises stress (σv) is usually used to examine the failure of ductile 
materials. This theory proposes that the total energy in a system is the summation of the 
volumetric (hydrostatic) strain energy and the shape (distortion) strain energy, where the 
failure occurs when the distortion energy component exceeds that at the yield point for a 
simple tensile test. This introduces the von mises stress (σv) where σv > yield stress (σy) is 
taken as the failure criterion for the interlayer and the structural sealants in the paper. 
However, this is a conservative approach as the failure stresses of both PVB and rubber 
sealant are comparatively higher than their yield stresses. The σv is expressed in terms of 
principal stresses as given by Eq. 14. 
4.0 Modelling and analysis of LG panels 
Kranzer et al. [21] conducted experiments under blast loads on LG panels having 1.1m width, 
0.9m height and 7.5mm thickness (3mm annealed glass + 1.52mm PVB + 3mm annealed 
 
σv =  {[(σ11 - σ22)2+ (σ22 - σ33)2 + (σ33 - σ11)2)]/2}1/2 (14)
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glass). The results from one of them involving a free field test (test no FX005) are compared 
with those from the present FE models. Testing was conducted according to EN 13541:2001 
[22] which states that the test piece should be clamped using rubber strips having about 
50mm width and 4mm thickness. Fig. 4 illustrates the measured pressure-time history curve 
of the experiment, where the maximum positive blast pressure is about 58kPa while the 
positive load duration is about 3ms [21]. 
4.1 FE modelling 
LG panels were modelled with LS-DYNA FE code using 3D constant stress solid elements as 
shown in Fig. 5. One-quarter of the test panel was analysed using the symmetry and the blast 
pressure was applied as a uniformly distributed load on the top glass pane. The details of the 
supporting frame of the LG panel are not given in the literature [21], and hence sealant 
supports are fixed to a rigid base for simplicity by neglecting the deformations in the frame. 
The authors have established that the increase in number of elements in the plane of the panel 
improves the results of FE analysis rather than increasing their numbers through the 
thickness. A suitable mesh for the FE model was identified by conducting a convergence 
study. The elements with 2.5mm x 2.5mm dimensions in the plane of the panel were selected 
for glass, PVB and sealant where their thicknesses are 0.75, 0.75 and 2mm respectively.  
The material properties used in the FE analysis for glass, PVB and rubber sealant are 
summarised in Table 1. The behaviour of LG panels are sensitive to the tensile strength (T) of 
glass and therefore it was varied between 60-80MPa in the analysis to account for its 
uncertainty. The stress vs. strain variation of PVB as used in the FE analysis is shown in Fig. 
6. The Young's modulus of PVB was taken as 530MPa [23] and the yield stress, failure stress 
and failure strain were taken as 11MPa, 28Mpa and 2.0 respectively [4]. After reaching the 
failure strain, stress in the PVB elements reaches zero where they deform indefinitely 
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thereafter. The stress vs. strain variation of the rubber sealant as used in the FE analysis is 
shown in Fig. 7. Kranzer et al. [21] mentioned that the hardness of the rubber strips should be 
about 50 IRHD in accordance with ISO 48 [24] where the corresponding Young’s modulus 
should be about 2.3MPa. The yield stress, failure stress and failure strain of the sealant are 
taken as 2.3Mpa, 3.5MPa and 2.5 respectively. After reaching the failure strain which is 
about 2.5, stress in the sealant elements reaches zero where they deform indefinitely 
thereafter.  However, in the present analysis sealant stresses were well below the yield stress. 
4.2 Comparison of results  
The results from FE analysis for mid-span deflection, energy absorption and the stresses at 
critical locations of the glass, interlayer and structural sealant are presented in the paper. The 
results of FE analysis are compared with those obtained from the experiment and are 
explained below. 
4.2.1 Mid-span deflection 
Fig. 8 compares the deflection-time history curve observed in the experiment with those 
obtained from the FE model under different tensile strengths (T) of glass. The maximum 
deflection observed in the experiment was about 14.5mm at 4ms after the explosion. The 
deflection-time history curves obtained from the FE models are identical up to about 3.4ms 
irrespective of the T of glass and deviate with each other thereafter. The results of FE 
analysis for mid-span deflection are compared with the experimental results and are 
summarized in Table 2. The FE model gives a maximum deflection of about 14.01mm (with 
an error of 3.4%) and 14.22mm (with an error of 1.9%) at about 3.25ms when the T of glass 
is taken as 80MPa and 62MPa respectively where the FE models are stiffer than the test 
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specimen showing less deflections during the rebound. It is evident that the reduction of T 
from 80MPa to 62Mpa has a little effect on the behaviour of deflection-time history curves.  
When the T of glass is reduced to 60MPa, the FE model gives a maximum deflection of about 
15.2mm (with an error of 4.8%), and also shows an increase in the deflection during the 
rebound matching the curve obtained from the experiment. As evident from Fig. 8 the 
behaviour of the FE model suddenly changes when the T of glass reduces from 62MPa to 
60Mpa. The FE model agrees well with the experimental curve when the T of glass is 61MPa 
where the maximum deflection of 14.72mm (with an error of 1.5%) occurs at about 4.00-
4.25ms. This FE model, in which the T of glass is 61Mpa is therefore used to study the 
behaviour of the test specimen here after in the paper.  
Fig. 9 illustrates the deflection-time history curve obtained from the FE model for 100ms. 
The sign convention is selected in such a way that the inward deflection, which is the 
deflection in the direction of the applied blast pressure is positive and the outward deflection 
is negative. The maximum deflection of 14.72mm occurs at the first peak of the inward 
deflection and reduces to about 10.27mm at the first peak of the outward deflection. The 
inward peak deflection reduces gradually and reaches about 8.2mm after 90ms. However, the 
outward peak deflection varies between 9.5-10mm after its first peak. 
4.2.2 Stresses, strains and failure of glass 
Kranzer et al. [21] reported that both glass panes in the LG panel were broken into small 
fragments and were held together by PVB interlayer. Fig. 10 shows the fractured test 
specimen illustrating the crack patterns of the glass panes and these are compared with the 
results obtained from the FE model. Fig. 11(a) and 11(b) illustrate the 1st principal stress 
(σ11) variations on the bottom glass pane at 3ms and 4ms (during the first peak of inward 
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deflection) respectively. Even though a quarter of the test panel was analysed, stress contours 
of the complete panel are shown by using the reflection option in the LS-DYNA FE code. 
The positive σ11 values indicate tensile stress while the negative values indicate compressive 
stress. The tensile stress is very high at the middle of the panel and reduces gradually towards 
the supports as shown in Fig. 11(a). The high stress region further expands towards the 
supports as shown in Fig. 11(b) showing similarity to the crack patterns observed in the test 
panel in Fig 10. The σ11 at the middle of the FE model reaches about 80MPa indicating the 
failure of the bottom glass pane.  
Fig. 12(a) and 12(b) show the σ11 variation on the top glass pane at 3ms and 3.75ms (during 
the first peak of inward deflection) respectively. According to Fig. 12(a), the σ11 increases up 
to 80MPa at the middle of the four edges of the top glass pane and later it further increases up 
to about 100Mpa at the middle of the long edge of the top glass pane. Similarly, cracks were 
observed in the test panel along the edges of the top glass pane as shown in Fig. 10. It could 
be noted that the σ11 values of the glass can go beyond the 61MPa which is the T of glass 
assigned for the JH-2 material model. The dynamic breaking strength (Tb) of annealed glass 
is uncertain, but can be in the region of 60-80MPa as described in section 3.4.1. It is evident 
that σ11 in the glass panes goes beyond 60MPa in locations where most of the cracks were 
observed in the test panel.   
The elements at the critical locations of the FE model (refer Fig. 13) are selected for the 
detailed analysis. Fig. 13(a) shows the elements at the centre of the FE model and Fig. 13(b) 
shows the glass elements at the middle of the edges of the top glass pane. Fig. 13(c) shows a 
sectional view at the middle of the long edge of the FE model illustrating the critical elements 
used for the analysis.  
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Fig. 14 illustrates the variation of σ11 in the element 1 which is at the centre of the bottom 
glass pane for 100ms. The element 1 has high σ11 during the peaks of inward deflections 
where the bottom glass pane is subjected to tension, and low σ11 during the outward 
deflections where the bottom glass pane is subjected to compression. The highest σ11 of about 
78MPa occurs during the first peak and then the peak stress reduces gradually up to about 
15MPa after 90ms which is an about 80% reduction compared to the initial peak. The 
reduction of peak stress might be due to the reduction of the peak deflection and also the 
damage of the element. 
Fig. 15 illustrates the variation of σ11 in the element 4 which is at the centre of the top glass 
pane for 100ms. The element 4 has high σ11 during the peaks of outward deflections where 
the top glass pane is subjected to tension, and low σ11 during the inward deflections where the 
top glass pane is subjected to compression. The highest σ11 of about 72MPa occurs during the 
first peak of outward deflection and then the peak stress varies between 50-65MPa thereafter. 
Fig. 16 illustrates the variation of σ11 in the elements 5 and 6, those at the middle of the long 
and short edges of the top glass pane respectively for 100ms. The highest σ11 of about 96MPa 
occurs at 3.75ms in the element 5, then it suddenly reduces to about 2MPa at 4ms and varies 
in-between 15-35Mpa thereafter. The element 6 has its peak stresses during the inward 
deflections of the LG panel and has zero σ11 during its outward deflections. The maximum 
σ11 of about 82MPa occurs at about 3ms during the first peak of inward deflection and then 
the peak stress varies around 60MPa thereafter.  
Fig. 17 illustrates the effective plastic strain variation of elements 1, 4, 5 and 6 in glass for 
100ms. The element 1 has zero plastic strain until 2.5ms, then it increases to about 0.00156 at 
3.5ms and remains constant with time. Similarly, element 5 has zero plastic strain until 3.5ms 
and then reaches the constant plastic strain of 0.00106 at 4ms. It is clear that damage has 
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occurred in elements 1 and 5 and this might be the reason for the reduction in their stresses as 
seen in Fig. 14 and 16. However, elements 4 and 6 do not have plastic strains, which mean 
that no damage has occurred in those elements. This feature is supported by Fig. 15 and 16 
where their peak stresses remain around 60MPa after the maximum peak. The elements 4 and 
6 have zero σ11 when they are subjected to compression indicating that they do not have a 
permanent stress or failure. This emphasizes that the material model used for glass is capable 
of modelling the failure of glass as its strength reduces when it is damaged.  
4.2.3 Stresses in PVB 
The von misses stress (σv) is used to investigate the behaviour of PVB as described in section 
3.4.2. Fig. 18(a) illustrates the σv variation on the bottom surface of the PVB interlayer at 
4ms, during the first peak of inward deflection of the LG panel. The σv is high at the middle 
of the LG panel and also shows an increase along the long and short edges. Similar stress 
distribution is observed on the top surface of the interlayer at about 12ms, during the first 
peak of outward deflection of the LG panel as indicated in Fig. 18(b). Detailed analyses on 
the σv variation of PVB elements at the centre of the LG panel (refereed to elements 2 and 3 
in Fig. 13(a)) and at the middle of the long edge (refereed to elements 7 and 8 in Fig. 13(c)) 
are conducted and there results are explained below. 
Fig. 19 illustrates the σv variation of element 2 and 3 in PVB for 100ms. The element 2 has 
peak stresses during the peaks of inward deflection while the element 3 has its peak stresses 
during the peaks of outward deflections. The element 2 has less stress until about 18ms and 
its maximum stress of about 3.4Mpa at about 22ms with the second peak of inward 
deflection. The element 3 has less stress until about 10ms and its maximum stress of about 
4.2MPa at about 11ms with the first peak of outward deflection. The PVB elements have less 
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stress initially as the glass elements absorb most of the energy. After the glass is damaged 
during the first peak of inward deflection, the PVB elements start to absorb energy.  
Fig. 20 illustrates the σv variation of elements 7 and 8 in PVB, at the middle of the long edge 
of the FE model for 100ms. Both elements have a maximum stress of about 11.2MPa around 
10ms and then a lower stress less than 4MPa. It is clear that the interlayer has higher stresses 
at the middle of the long edge of the LG panel compared to that at the other parts. However, 
it could be noted that PVB has significantly less stress compared to its failure stress, which is 
about 28MPa. The FE model indicates that there was no failure in the PVB interlayer as also 
evidenced from the experiment. 
4.2.4 Stresses in sealant joints 
The σv variation in the structural sealant is examined to identify the critical elements in the 
FE model. High σv was observed in the sealant joints at the middle of the long edge compared 
to other parts and are used for the detailed analysis. Fig. 21 illustrates the σv variation at the 
centre of the long edge (perpendicular to long edge) of the FE model at 3.75ms, as high 
stresses occur there when the LG panel is subjected to maximum deflection. It was evident 
that elements at the inner edge of the both top and bottom sealant joints have high σv 
compared to elements at the outer edge.  
Fig. 22 illustrates the σv variation of two sealant elements (elements 9 and 10) with high 
stresses for 100ms. Both elements have their highest stress of about 0.65MPa at about 4ms 
during the first peak of inward deflection. They experience their peak stresses during the peak 
deflections of the LG panel and the peak σv gradually reduces with the time in both elements. 
However, maximum σv observed in the sealant elements of the entire FE model is well below 
the failure stress of the sealant material which is about 3.5MPa. Therefore, the FE model 
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indicates that there cannot be any failure in the sealant joints as also evidenced from the 
experiment.  
4.2.5 Energy absorption 
Fig. 23 illustrates the total energy absorption of different parts of the FE model for 20ms 
where the total energy implies the summation of the internal and kinetic energies. The curves 
for top and bottom glass panes are identical up to about 2.8ms and the two glass panes absorb 
most of the energy during the first 3ms. The top glass pane absorbs a maximum energy of 
about 7.7J at about 3ms and then the absorbed energy suddenly reduces to about 6J at about 
4ms. Similarly, bottom glass pane absorbs a maximum energy of about 8J at 3.25ms and then 
the absorbed energy suddenly reduces to about 6J at 4.25ms. However, the energy absorbed 
by both glass panes gradually reduces after 4ms and reaches a value of about 4.5J for top 
glass pane and 5.5J for bottom glass pane at 20ms.  
The energy absorbed by the PVB increases until about 4.4ms where it reaches its maximum 
of about 2.5J, then gradually reduces and remains around 1.6-2.0J after 10ms. The energy 
absorption of glass panes suddenly reduces between 3-4ms, which might be due to the failure 
of glass elements, causing sudden increase in the energy absorption of PVB interlayer in that 
period. The energy absorption of the structural sealant joints reaches its maximum of about 
1.6J at about 3.75ms, then gradually reduces and remains around 0.3-0.8J thereafter.  
Fig. 24 illustrates the energy absorption of glass panes, interlayer and sealant joints as a 
percentage of total energy. The glass panes absorb about 86% of total energy initially, and 
then the energy absorption reduces to about 75% at around 4.5ms. However, it is evident 
from the figure that the energy absorption of glass panes stands above 80% most of the time. 
The energy absorption of PVB interlayer increases until around 4.0-4.25ms, where it reaches 
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its maximum value of about 16% and remains around 12-16% thereafter. The energy 
absorption of sealant joints increases to about 10% at 4ms and remains below 8% most of the 
time thereafter. The results from FE analysis indicate that the glass panes absorb most of the 
blast energy causing their failure as also observed from the experiment. 
5.0 Conclusion 
This paper presents a rigorous and a reliable analytical procedure using the LS-DYNA FE 
code to analyse the behaviour of LG panels under blast loads. The results from FE analysis 
can be used to predict the failure of different components in the LG panels. The maximum 
principle stress (σ11) is used as the failure criterion for glass and the von mises stress (σv) is 
used as the failure criterion for interlayer and sealant materials. 
The results from the free field blast test conducted by Kranzer et al. [21] on LG panels are 
used to validate the modelling techniques presented in the paper. The behaviour of the FE 
model is sensitive to the tensile strength of glass (T) and this value should be used carefully 
in the analysis. The results of FE analysis for mid-span deflection agreed well with that from 
the experiment when T of glass was set to 61Mpa. The FE model could predict the crack 
patterns observed in the glass panes where the glass is more likely to fail when the maximum 
principal stress σ11 exceeds 60MPa. The material model used for glass could predict the 
failure of glass as its strength reduces when it is damaged. The stress analyses on the 
interlayer and sealant joints indicated that they are not vulnerable to failure as also evidenced 
from the experimental results. The modelling techniques developed and used in this paper can 
be applied to: 
1. Analyse the failure of different components in the LG panels under blast loads 
2. Evaluate the vulnerability of LG panels to blast loads 
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3. Facilitate the safe design of LG panels for a credible blast event 
Glass panes absorb most of the blast energy and are likely to fail during a blast creating a 
high hazard. This could be minimised by increasing the energy absorption of the PVB and 
sealant joints. A parametric study is required to investigate the effects of geometric and 
material properties of different components in LG panels to improve their performance under 
blast loads. The window frames were modelled as a rigid base neglecting their deformations 
in the analysis. However, flexible supports as seen in cable net facades can further improve 
the performance of LG panels under blast loads. The above topics provide scope for future 
research. 
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Fig. 1: Typical blast pressure-time history curve [5]
Fig. 2: Membrane action of the edge bonded LG under blast loading [6] 
Fig. 3: Failure of LG in five phases [7]
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(b) 3D view (a) Sectional view
Fig. 5: Different views of the FE model 
Fig. 4: Blast pressure-time history curve of the free field blast test 
conducted by Kranzer et al. [21] 
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Fig. 6: Stress vs. strain variation of the PVB interlayer 
Fig. 7: Stress vs. strain variation of the rubber sealant 
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Fig. 8: Deflection at the centre vs. time for different tensile strengths of glass 
Fig. 9: Deflection at the centre vs. time in 100ms (Glass, T=61MPa) 
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Fig. 11: 1st Principal stress variations on the bottom glass pane 
(a) At t = 3ms (b) At t = 4ms 
(a) At t = 3ms (b) At t = 3.75ms 
Fig. 10: Failed test specimen [21] 
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Fig. 12: 1st Principal stress (σ11) variations on the top glass pane 
Fig. 13: Views of the FE model showing critical glass, PVB and sealant elements 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Closer view at the centre of 
the FE model 
Element 1 (glass) 
Element 4 (glass) 
Element 2 (PVB)
Element 3 (PVB)
(b) Plan view of the FE model 
showing top glass pane 
Element 5 
(glass) 
Element 6 (glass) 
(c) Sectional view at the middle of the long edge
Element 5 (glass) Element 10 (sealant)
Element 9 (sealant) 
Element 8 (PVB) 
Element 7 (PVB) 
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Fig. 14: 1st Principal stress (σ11) variation of element 1 in glass 
Fig. 15: 1st Principal stress (σ11) variation of element 4 in glass 
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Fig. 16: 1st Principal stress (σ11) variation of elements 5 and 6 in glass 
Fig. 17: Effective plastic strain variation of elements 1, 4, 5 and 6 in glass 
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Fig. 19: Von mises stress variation of elements 2 and 3 in PVB 
Fig. 18: Von mises stress variation of PVB
(a) On bottom surface at t=4.0ms (b) On top surface at t=12.0ms 
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Fig. 20: Von mises stress variation of elements 7 and 8 in PVB 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 21: Von mises stress variation at the centre of the long edge 
(perpendicular to long edge) at t=3.75ms 
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Fig. 22: Von mises stress variation of elements 9 and 10 in sealant 
Fig. 23: Total energy (internal + kinetic) absorption of different parts 
of the FE model 
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Fig. 24: Energy absorption percentage (%) of different parts of the FE model 
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Table 1 
Material properties of glass, PVB and rubber sealant used in the analysis
Table 2 
Analysis results for mid-span deflection
 
 
 
 
 
Material property Glass PVB Rubber adhesive
Density (ρ) 2500kg/m3 1100kg/m3 1100kg/m3 
Young’s modulus (E) 72GPa 530MPa 2.3MPa (50 IRHD) 
Poisson’s ratio (υ) 0.22 0.485 0.495 
Yield stress - 11MPa 2.3MPa 
Failure stress - 28MPa 3.5MPa 
Failure strain - 2 2.5 
Maximum deflection (first peak) 
 
Test (FX005) 
Time (ms) Deflection (mm) 
Experiment 4.0 14.50 
 
LS-DYNA (glass, T=80MPa) 
 
3.25 
 
14.01 
(Error = 3.4%) 
LS-DYNA (glass, T=62MPa) 3.25 
 
14.22 
(Error = 1.9%) 
LS-DYNA (glass, T=61MPa) 
 
4.0-4.25 
 
 
14.72 
(Error = 1.5%) 
LS-DYNA (glass, T=60MPa) 
 
4.0-4.25 
 
 
15.2 
(Error = 4.8%) 
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Highlights 
• Numerical procedure for blast response of laminated glass (LG) panels is presented 
• Failure criteria for glass, interlayer and sealant materials are presented 
• Present results compared well with those from an experiment 
• Tensile strength of glass has a significant effect on blast response of LG panels 
 
